Research has proven the importance of cooling garments in reducing heat stress, especially for workers in extreme environments. The currently available cooling capacity of these garments should be controlled for improving their efficiency and autonomy. In this study, we investigated the Hexoskin wearable biometric shirt's capacity to monitor heart rate. Twelve male volunteers wore a Hexoskin biometric shirt and Polar® H7 heart rate sensor and they completed two identical tests under two different climate conditions (25˚C ± 0.5˚C; 39% ± 1% relative humidity and 31˚C ± 0.5˚C; 60% ± 1% relative humidity). The results from four different statistical methods show a high correlation and an absence of significant differences between the Polar® and Hexoskin systems in monitoring the subjects' heart rates. The Hexoskin wearable biometric shirt can be used to monitor the heart rate of humans in moderate or hot and humid climates under variable physical activities, regardless of their age, weight or height.
Introduction
Workers, such as miners, who are exposed to hot and humid environments, can suffer from symptoms and diseases related to heat stress [1] . These conditions can increase the risk of work accidents and even lead to death. Personal cooling garments can be worn [2] for minimizing heat stress, especially in places where effective air conditioning is not provided. A valid number of researchers have concluded that by controlling the cooling load of these garments, this would improve their efficiency and increase their autonomy [3] [4] . The control can be based on the user's physiological parameters, such as skin temperature and heart rate. In 2015, Villar et al. [5] , validated the ability of a wearable biometric shirt, the Hexoskin [6] , to monitor physical parameters during daily activities, such as walking, laying down and standing. The same year, Montes et al. [7] stated that there may be issues concerning the Hexoskin wearable system's ability to measure and record data in real-life settings after having tested it on ten subjects in trail-hiking conditions. They recommended that the system should be validated before being utilized in real-life scenarios.
The Hexoskin wearable shirt has not yet been validated for intense physical activities, such as athletic training [8] and mining tasks. Therefore, this study validated its ability to monitor heart rate during variable physical activities before the Hexoskin wearable shirt to be used for controlling the cooling ability of personal cooling garments. Moreover, the study included twelve male subjects which were firstly tested in a moderate climate (25˚C ± 0.5˚C; 39˚C ± 1˚C relative humidity) and afterwards in a hot and humid climate (31˚C ± 0.5˚C; 60% ± 1% relative humidity).
Materials and Methods
This study was designed to validate the Hexoskin wearable biometric shirt's capacity to monitor heart rate during variable physical activities, ranging from sitting to high-intensity workouts, using a stationary training bicycle. The test procedure was conducted under two different climate conditions.
Subjects
Twelve male subjects were recruited for this study. Their physical characteristics appear in Table 1 . All subjects were informed about the purpose of the study, the experimental protocol and the risks related to the tests and each person completed a consensus letter before participating. This study was reviewed and approved by the École de Technologie Supérieure Ethics Committee (ethical reference code: H20160101). The body mass index was calculated by dividing the weight (in kilograms) by the height squared (in meters) for each subject.
Measurement Instruments
All twelve subjects wore biometric shirts suited to their thorax and hip measurements. Beneath the shirt, each participant wore a Polar® H7 heart sensor, which has been used in many monitoring studies for its accuracy to detect and record the heart rate in real time [9] [10]. The sensor was attached to an adjustable strap and connected by Bluetooth to a Polar® M400 watch [11] worn on the subject's left hand. Each subject's heart rate data was recorded simultaneously by the Hexoskin wearable biometric shirt and the Polar® M400 watch and then sent to a personal computer after each test. A Northern Lights Commercial UG-7020 Upright Cycle (Northern Lights Fitness Products, Cornwall, ON, Canada) was placed inside a climate chamber and used during the tests. Figure 1 shows a subject wearing the Hexoskin biometric shirt, the Polar® H7 heart rate sensor and the Polar® M400 watch.
Climate Conditions
All twelve subjects completed the experimental protocol in two different climate environments. The first had a moderate climate with a dry bulb temperature of 25˚C ± 0.5˚C; and a relative humidity of 39˚C ± 1˚C. The second had a hot and humid climate, with a dry bulb temperature of 31˚C ± 0.5˚C; and relative humidity of 60% ± 1%. 
Test Procedure
Prior to testing, every subject was again informed of the experimental protocol and climate conditions. Each subject completed two tests using the same experimental protocol, but under two different climate environments. The subjects were required to wait at least three days between the two tests. All the subjects were informed not to drink any caffeine or energy drinks four hours before the tests. Six subjects started their tests in a moderate climate while the other half, in a hot and humid environment. Once the subjects arrived at the laboratory, before beginning the first test, their weight and height were measured and their body mass index was calculated. After that, the subjects first put on the Polar® H7 heart rate sensor and the Polar® M400 watch and then the Hexoskin biometric shirt without connecting the Hexoskin data-collection device. The Hexoskin shirt comes with two elastic bands, which must be fastened around the torso to ensure that the sensors in the Hexoskin shirt are always in direct contact with the subject's skin (see Figure 1 ). All Hexoskin sensors were well moistened before each test. Both the Hexoskin and Polar® H7 heart rate sensors are usually positioned in the same place, just below the chest muscles. To avoid any interference between the two sensors, the Polar® H7 heart rate sensor was placed lower on the torso than the Hexoskin sensor by two centimeters for all the tests conducted in this study. Once the equipment had been inspected on each subject, each person entered the climate chamber along with the researcher. Each subject mounted the upright cycle. Then, the researcher connected the Hexoskin data-collecting device to the Hexoskin shirt of the subject and started the Polar® M400 watch. During all the tests, each subject was given 500 ml of water, which he could drink at any time during the test. If the heart rate of any subject during the physical activities reaches 90% of its average maximum heart rate recommended by the American Heart Association® [12] , the test will be stopped immediately and the subject will remain in his seat for 2 minutes, then will be accompanied outside the climate chamber for rest, till his heart rate decreases to its average resting rate (between 60 and 100 beats per minute) before leaving the laboratory.
The experimental protocol lasted a total of twenty-eight minutes as indicated in Figure 2 . In the first minute (acclimatization stage), the subject sits on the upright cycle without doing any exercise. After the first minute, the subject starts cycling to a level of 30 W and remains at that level for six minutes (warm-up stage). After the six minutes, the subject stops cycling and rests in the same position for four minutes. After the four-minute rest, the subject starts cycling at a level of 100 W and maintains this intensity for six minutes. The level is then increased and the subject maintains a 140 W level for four minutes. Again, the cycling level is increased and the subject maintains a cycling power of 180 W for one minute, followed by a 200 W cycling effort for the last minute. The subject then stops cycling and rests for five minutes in the same position, without leaving the climate chamber. After the five-minute rest, the Polar® M400 watch is turned off, and the Hexoskin data-collection device is disconnected. Figure 2 shows the experimental protocol used on all subjects under the two climates.
The subject leaves the climate chamber and is asked to rest for an additional ten minutes before leaving the laboratory, to ensure he is in healthy condition.
After completing his first test, the subject was required to wait a minimum of three days before doing his second test. All data collected by the Polar® M400 watch and the Hexoskin data-collection device were transferred to a personal computer after each test.
Data Analysis
The collected data was analyzed using STATA ® /SE (version 11.2), a data analysis and statistical software (StataCorp LP, Texas, USA). We started by comparing the degree of correlation between the two devices (Hexoskin and Polar®) and for each level of effort. In this first approach, we tried to ascertain whether the changes that occur in the collected data of the first variable (Polar®) affect in a predictable way, the changes that occur in the data collected by the second variable (Hexoskin). This evaluation would also provide an estimation of the highest and lowest percentage of correlation between the two devices, and at which level of exertion or climate condition. A degree of correlation higher than 0.70 (70%) was considered to be positively correlated and the null hypothesis (equality of means of heart rates reported by the two devices) would not be rejected under this circumstances [13] .
Then, the data were analyzed using the Wilks' lambda test of equality of means [14] . This statistical method checked for any significant differences between the mean values of the collected data (of the 12 subjects) from the two devices, at any level of exertion or under any climate, but without taking into consideration the physical characteristics of the subjects, such as their weight and height. A p-value equal to or less than 0.05 would indicate a significant difference in the mean values.
A third analysis was conducted by using the ANOVA method with repeated data. The physical characteristics of the subjects were considered in order to see if they affected the correlations between the two devices and if any significant differences appeared (p-value ≤ 0.05).
Finally, the linear regressions method with mixed data was used for examin-ing the switching of the devices (from Polar® to Hexoskin and vice-versa) from one level of exertion to the next. The previous switching was checked relevant to exhibiting any significant differences between the data collected by the two devices, by taking into consideration the physical characteristics of the subjects.
Results
The validity of the Hexoskin wearable biometric system to monitor heart rate was assessed in four different ways using various levels of physical exertion, which were determined by the effort made by the subject during the tests. Table   2 shows the physical effort and each level's duration.
The first step in analyzing the validity of the Hexoskin wearable biometric system was to test whether the variations of the mean values collected by the Hexoskin are predictable using the variations that were captured by the Polar® device. The results are displayed in Table 3 and are associated to the method comparing the degree of correlation. For a clearer visual comparison, the charts below present the mean values of the heart rates detected by the two devices, averaged every minute, for all the subjects in the moderate climate (Figure 3(a) ) and in the hot and humid climate (Figure 3(b) ).
A clear indication of the high correlation between the two data collected from the two devices is the overlapping of the two curves in each line diagram. For all the line diagrams and climates, the low physical effort related to level 1 (0 W), 2
(30 W) and 3 (100 W) has little effect on the heart rate, as seen by the diagram's tendency to be a straight line between minute 1 and minute 11 (level 1, 2 and 3).
However, between minutes 11 and 17 (level 4), even though the physical effort The results of the analysis using the Wilks' lambda test of equality of means are listed in Table 4 . The p-values associated with the F test (probability > F)
were always superior to 0.05. The two lowest p-values occurred for the same level of exertion (level 2). In the moderate climate, p-value was 0.3467 and in the hot and humid climate, it had the value of 0.6336. The average p-value was 0.9967 in the moderate climate and 0.9988 in the hot and humid climate.
When we took into consideration the physical characteristics of the subjects, such as their weight, height, age and body mass index, while analyzing the data, by using the ANOVA method with repeated data, we found the results listed below in Table 5 . The p-value while comparing the data collected by the two devices and under the same level of exertion had an average of 0.9934. We also found that if we compare the data collected in moderate and in hot and humid climates, the average p-value decreases until 0.0428. The p-value while comparing the data collected by the two devices and under the same climate had an average of 0.9803. After adding the physical characteristics of the subjects, the pvalues for the same comparison were 0.4421 (after adding the ages), 0.4781 (after adding the heights), 0.4853 (after adding the weights) and 0.5118 (after adding the body mass indexes).
Finally, the linear regression with mixed data method was used. The results are listed in Table 6 . We found that the lowest p-value associated to the z value (Probability > z) was 0.693. This value was obtained by going from the first level of exertion to the second and by switching devices (from Polar® to Hexoskin).
Any p-value equal to or less than 0.05 would reveal a significant difference. The highest p-value found was 0.824 associated to the transition from level 2 to level 3. Even after taking into consideration the physical characteristics of the subjects, the p-value was never less than 0.602 (by adding ages) and rose to 0.971 after adding the body mass indexes.
Discussion
The capacity of the wearable biometric system (Hexoskin) to monitor heart rate in two different climate conditions and under variable physical activities was as- Indeed, in Table 4 , the p-values associated with the F test were always superior to 0.05 which led us not to reject the null hypothesis of equality of means. The results from the ANOVA analysis displayed in Table 5 showed that the two devices did not have significant differences in influencing the variations of heart rates when we checked for the physiological characteristics of each subject and the climatic conditions of the experiment. Indeed, the high p-value associated to the F test of the variance between the two devices (0.9934) did not allow for the rejection of the null hypothesis of difference's absence between Polar® and Hexoskin. Even when considering the ages, weights, heights and body mass indexes of all the subjects, the associated p-values were always greater than 0.05 and were respectively, 0.4421, 0.4853, 0.4781 and 0.5118. Also, when the mean values were compared under different climates, it was found that there was not significant difference (p-value = 0.0428), which was expected as the subjects did not have the same heart rates for a same given level, under two different climates [15] .
That is why we can clearly understand that the mean values in Figure 3 (a) are always lower than those in Figure 3 (b) at the same level of exertion (except for minute 23, where they are equal).
Based on the results obtained by the linear regressions method with mixed data, the lowest p-value (0.693) associated to the Z tests was also higher than 0.05, which suggested that there was no significant difference when switching from Polar® to Hexoskin, and from one level of exertion to the next, under the same climate. After adding the physical characteristics of all subjects, we found that the calculated p-values were between 0.602 and 0.971 (larger than 0.05), which led us to the same conclusion as before. No significant differences appeared between Polar® and Hexoskin, when the levels of exertion changed under the same climate, regardless of the weight, age, height or body mass index of the subject.
Conclusions
The validity of the Hexoskin wearable biometric shirt to monitor heart rate in two different climate conditions and under variable physical activities was analyzed and assessed using four different statistical methods. They all concluded to the absence of significant differences between Polar® and Hexoskin in their respective capacities to record with accuracy of the heart rates for the same climate condition when taking into consideration certain physiological characteristics of the subjects.
Finally, we found that the Hexoskin wearable shirt can be used in both moderate and hot and humid climates to monitor the heart rate of any subject, regardless of his age, weight or height. It can also be used by athletes to monitor their heart rates under variable physical activities that range from rest to extreme physical exertion.
